Abstract. Wireless power transfer (WPT) system based on magnetic resonant coupling can realize the mid-range wireless power transfer, but the efficiency will decrease rapidly with the transfer distance increasing to the long-range. In this letter, a relay coil is utilized to improve the performance of WPT system over a relative long distance. The circuit models of WPT system with or without relay coil are built and the scattering parameter is used to evaluate the transfer performance. In four-coil system, the frequency splitting is analyzed and the critical coefficient is given. In five-coil system, the positions of relay coil under different distances are investigated and using FEM software the model is corrected. Then, the design constraint of relay coil is derived. Based on the parameters used in model analysis, the simulations and experiments are carried out and the results confirm the model analysis, which indicate that the relay coil can effectively extend the transfer distance with a relative high efficiency or increase the transfer efficiency at a given distance.
Introduction
Since wireless power transfer (WPT) based on magnetic resonance coupling of four-coil structure has been proposed by the MIT research group [1] , WPT system is gradually applied to various fields [3] - [5] . The wireless power transfer system reported in [1] , [2] , is based on the magnetic resonant coupling, and the key is that a high Q factor must be adopted and the mid-range is defined that a ratio of / 3 D r > , where D is the transfer distance and r is the radius of a circular receiver coil. However, if the geometrical parameters of coil are determined and D / r, it has been indicated that the coupling coefficient and the efficiency will decrease rapidly with increasing D [3] . In order to overcome the low efficiency in long-range, many researches have been carried out. Using special materials is a solution, for example, in 2010, the researchers from University of Maryland first used high temperature superconducting (HTS) coils to improve the performances of WPT system [6] , and a metamaterial is added between the transmitter and receiver coils to increase the transfer efficiency for a given distance [7] . Except for special materials, a relay coil placed between the transmitter and receiver coils is proposed. In [8] , the effect of a relay coil is analyzed in the WPT system and several conditions of locating the relay coil to maximize the efficiency are compared, but this research is based on theory and simulations, lack of experimental support. In [9] , the researches demonstrated the flexibility of using magnetically coupled resonators in various domino forms for wireless power transfer and have proposed simple techniques for power flow control. The article mainly aimed at the mount of resonators and the domino arrangements of resonators, but the analysis for single relay coil with different parameters is not enough.
In this paper, through establishing the circuit model and analyzing the performances of WPT system with/without a relay coil, we find that the relay coil can effectively extend the system transfer distance without reducing the transfer efficiency obviously. In the four-coil system, the frequency splitting is analyzed and the critical coupling coefficient is introduced. In order to reducing the critical coupling coefficient for extending the transfer distance, the expression of critical coupling coefficient is deduced. Then the critical scattering parameter is also given. The results indicate that the transmitter coil and receiver coil should have a large Q value, then the Q of excitation coil and load coil and the coupling coefficients (k 12 , k 45 ) should be small. However, reducing Q and coupling coefficients also reduce efficiency, which is should be taken into consideration in the four-coil system design. After that, the relay coil is analyzed in detail, and the optimal position of relay coil is obtained. Then, we use FEM software to simulate the different parameters of relay coil and the design method and optimization procedures of the relay coil are provided.
Modeling and Analysis
Generally, the four-coil WPT system is consist of the excitation coil, transmitting coil, receiving coil and load coil. The system with a relay coil, which is added in the middle of transmitting coil and receiving coil, is called five-coil system in this letter. According to the circuit theory, Figure 1 shows the equivalent circuit models of the two systems. In Figure 1 , the subscript 1, 2, 4, 5 correspond to the coils from transmitter to receiver successively, and the subscript 3 stands for the relay coil. The inductances, capacitances, and resistances of the i-th coil are L i , R i , and C i , respectively. M ij stand for the mutual inductances between the i-th coil and the j-th coil. For the sake of simplicity, the mutual inductances between two non-adjacent coils will be neglected.
Suppose that the input voltage is sinusoidal with the operating angular frequency ω , and the loop matrix equations of the two systems in Figure 1 are given as follows: 
where Z i stand for the loop impedances and the capacitances are satisfied 1
when the coils working in resonance. According to [2] , the WPT system can be viewed as a two-port network, and power transfer can be represented in terms of linear magnitude scattering parameters (|S|) for consistency. The expression is
In order to make the models more intuitive, concept of Q and coupling coefficient, shown in Eq. 4 and Eq. 5, are led into. , ( 1, 2,3, 4, 5)
, ( , 1, 2, 3, 4,5, ) In the four-coil system, k 24 , which is consistent with the transfer distance in the coaxial system, is the dominant factor. The Eq. 6 of frequency and coupling coefficient k 24 is plotted in Figure 2 for the circuit parameters shown in Table 1 . From Figure 2 , it can be found that the plot could be divided into two parts, as the coupling coefficient k 24 increasing. With the increasing of k 24 , the frequency is separated into two directions, which is named frequency splitting, and this point k critical is called the critical coupling point [2] .
In order to analyze the critical coupling coefficient of the four-coil system, the derivative of Eq. 6 is taken with respect to k 24 . Setting the result equal to zero and solving for k 24 yield Eq. 8, where all variables are defined to be positive 
From Eq. 8, reducing Q 1 , Q 5 , k 12 and k 45 will increase the transfer distance. However, according to Eq. 9, reducing these factors also reduce |S|. Therefore, it is necessary to induct the relay coil for extending the transfer distance.
In the five-coil system, k 24 is divided into k 23 and k 34 , since the relay coil is added. To simplify the analysis, the relay coil is set to the same with the transmitter and receiver coils.
Firstly, we choose the distance D between the transmitter and receiver coils, are 200mm and 400mm. The distance d between the transmitter and relay coils varies in steps of 5mm. Figure 3 shows a graph of S versus d for theoretical, simulation and experiment results. It can be seen that when D is 400mm, the gain of S magnitude that profit from the relay coil is below 0.2 and it is not practical. Therefore, the key point of relay coil design is that the transfer distance D is 200mm.
For simplicity, the system is assumed to be symmetrical, and the relay coil working in the middle, then we can define that Q 1 
(10) Here, the denominator of the Eq. 10 must be positive. Therefore, we can find that the constraint of S is
If the geometric parameters of coils (not including the relay coil) are determined, the upper limit of S only depends on k lc . According to Figure 4 shows the experimental setup. It is obviously that the LED in Figure 4 (a) is lighter than in Figure 4 (b) because of the relay coil.
Simulation and Experiments
In Figure 3 (a), the experiment results consist with theoretical and simulation analysis and it indicates that the mode is reasonable and efficient. In Figure 3(b) , it can be seen that some discrepancies exist. The main reasons lie in the high frequency radiate loss, inaccuracy of system parameters got from manual coils and so on. Disregarding these factors, the experimental results are consistent with the theoretical and simulation values.
Summary
In this paper, the effect of a relay coil on the performance of WPT system has been analyzed comprehensively via building the equivalent circuit models. In four-coil system, the critical coupling coefficient has been derived. In five-coil system, the effect of a relay coil has been analyzed and the constraint of S is given. The simulations and experiments have been carried out to indicate the analysis.
